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Introduction
Ras proteins function as binary switches in signaling pathways controlling cell proliferation and differentiation by cycling between inactive GDP-and active GTP-bound states. The conversion of Ras-GDP to Ras-GTP following receptor activation is catalyzed by guanine nucleotide exchange factors (GEFs), and in the context of receptor tyrosine kinases this process is dependent on the Son of sevenless (Sos) GEF (1) . Mammalian cells contain two Sos genes, Sos1 and Sos2, encoding for highly related 150,000 molecular weight proteins (2) . The Ras-specific guanine nucleotide exchange activity of Sos proteins is mediated by a central region of approximately 450 amino acids which is structurally and functionally related to the catalytic domain of the S. cerevisiae Ras exchanger CDC25 and has been designated the CDC25 homology domain (2) (3) (4) . This domain is flanked at the N-terminus by 600 amino acids containing a Dbl homology (DH) domain and a pleckstrin homology (PH) domain, and at the C-terminus by 300 amino acids containing proline-rich SH3 binding sites.
While the CDC25 homology domain of Sos is necessary and sufficient to catalyze guanine nucleotide exchange on Ras, both the Sos N-and C-termini are required for full biological activity.
The C-terminal domain mediates the ligand-dependent recruitment of Sos to activated receptors via the adaptor molecule Grb2 (5-9) and the DH and PH domains contribute to the stable association of Sos with activated receptors (10) (11) (12) (13) (14) (15) (16) . In addition, the Sos N-and C-termini have been implicated in the regulation of guanine nucleotide exchange activity through intramolecular interactions (12, 15, 17, 18) .
Most biochemical analysis of Ras GEFs carried out to date have been performed using the CDC25 homology domains of the yeast GEFs CDC25 and SDC25 and the mammalian GEF GRF/CDC25 Mm . Kinetic studies have indicated that the GEF-stimulated guanine nucleotide by guest on November 17, 2017 http://www.jbc.org/ Downloaded from 4 exchange reaction involves the transient formation of a ternary Ras-nucleotide-GEF complex followed by the formation of a stable binary Ras-GEF complex. Nucleotide then binds to this binary complex causing the release of GEF from the resulting ternary complex (19) . Mutagenesis studies have led to the identification of three regions in Ras that are important for its activation by GEFs: the switch 1 region (amino acids [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , the switch 2 region (amino acids 57-75) and a short region spanning amino acids 100-110 (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Although specific residues within these regions have been shown to be critical for either GEF binding or GEF responsiveness, the molecular mechanisms underlying these requirements have not been established. Likewise, the sites on GEFs that are required for interactions with Ras remain undefined.
We have previously determined the crystal structure of human H-Ras (Ras) complexed with the catalytic region of Sos, hereafter referred to as Sos (33) . The structure reveals that the interface between Ras and Sos is extensive encompassing over 30 contacting side chains. The switch 1 region of Ras is displaced by a helical hairpin structure of Sos (helices a-H and a-I) resulting in the opening of the nucleotide binding site. The switch 2 region of Ras is held tightly by Sos through a cluster of hydrophobic interactions surrounded by polar and charged interactions. were confirmed by dideoxy nucleotide sequencing using a T7 Sequenase kit (Amersham). Ras constructs were subcloned into the bacterial expression vector pGEX-2T (Pharmacia) at cloning sites BamHI and EcoRI, which allow the expression of genes fused to an N-terminal glutathione Stransferase (GST) tag. Sos catalytic domain constructs were cloned into the bacterial expression vector PET-28 (Novagen) at cloning sites BamHI and XhoI, which allow the expression of genes fused to a polyhistidine tag and a T7 epitope tag. The bacterial expression plasmids were transformed into the BL21 strain of Escherichia coli.
Protein Purification
GST-Ras fusion proteins and polyhistidine-tagged Sos proteins were expressed in
at a cell density absorbance of A600 = 0.5. Pellets were resuspended in buffer containing 20mM
Tris pH 7.6, 200mM NaCl, 2mM phenylmethylsulfonylfluride (PMSF), 1% aprotinin, 10mg/ml leupeptin, 10mM benzamidine, 10mg/ml soybean trypsin inhibitor, and 10mg/ml pepstatin and 
Results
The role of switch 2-mediated hydrophobic contacts in Ras-Sos binding Figure 1A illustrates the general architecture of the Ras-Sos complex. As can been seen the interaction between the two proteins is predominantly mediated by the switch 1 and switch 2 regions of Ras (33) . The crystal structure of the Ras-Sos complex shows that the switch 2 region of Ras is coordinated extensively by Sos through hydrophobic, polar, and charged interactions. We have employed site directed mutagenesis to examine the role of these interactions in Ras-Sos binding. In the Ras-Sos complex, the side chain of Tyr64 of Ras is inserted into a hydrophobic pocket created by Ile825, Leu872, and Phe929 of Sos (Fig.1B) . To determine the contribution of these hydrophobic interactions to RasSos binding, we first mutated Tyr64 of Ras to Ala (Y64A). GST-fusion proteins of wild-type (Ras) and Y64A Ras were immobilized on glutathione beads and incubated with increasing concentrations of purified T7-tagged Sos. The amount of bound Sos was then assessed by immunoblotting with anti-T7 antibodies. The Y64A mutation resulted in a decrease of at least 50-fold in the apparent binding affinities of Ras to Sos (Fig. 1C) , but had no effect on the intrinsic rate of nucleotide dissociation of Ras alone (not shown). Next, we mutated Phe929 of Sos to Ala (F929A) and performed a similar binding assay using wild type Ras. Similarly to the Y64A mutation, the F929A
Sos mutant displayed a reduction of over 50-fold in binding affinity to Ras (Fig. 1C ). These observations indicate that Tyr64 mediates hydrophobic contacts that are essential for the formation of a stable Ras-Sos complex. In contrast, polar and charged interactions appear to contribute much less to the binding affinity of Ras to Sos as indicated by the observation that single alanine substitutions of Sos residues Glu1002, Thr935 and Arg826 exerted a relatively small effect on Ras 9 binding and activation ( Fig. 2 A, B, &C).
Effects of Mg

2+
and phosphate displacement on the guanine nucleotide exchange activity of
Sos
The backbone conformation of the switch 2 region of Ras is significantly altered in the presence of Sos. One of the consequences of this structural remodeling is that the orientation of Ala59 of Ras is changed such that its methyl side chain now occupies the Mg 2+ binding site. To investigate whether the occlusion of the Mg 2+ binding site resulting from this conformational change is of consequence for the guanine nucleotide exchange reaction, we replaced Ala59 of Ras with Gly (A59G). This substitution was chosen because glycine is the only residue lacking a methyl side chain and therefore would be expected not to occlude the Mg 2+ binding site. The A59G Ras protein appeared equivalent to wild-type in its ability to bind to Sos (Fig. 3A) . We next tested whether the A59G mutation influences Sos-mediated guanine nucleotide exchange. For this purpose, purified wild-type and A59G Ras proteins were first complexed with 3 H-labeled GDP or 32 P-labeled GTP and then diluted into a buffer containing Sos and excess unlabeled GTP. Aliquots were then taken at different intervals and the amount of protein-bound radioactive nucleotide was measured by nitrocellulose filtration and scintillation counting. As shown in figure 3B , the rate of Sos-catalyzed GDP dissociation was not altered by the A59G mutation. In contrast, the A59G mutant displayed greater than a 50% inhibition of Sos-catalyzed GTP dissociation. This inhibitory effect was abolished by lowering the free Mg 2+ concentration from 10mM to 1mM (Fig. 3C ) indicating that the displacement of Mg 2+ by Ala59 is a critical step in Sos-catalyzed GTP but not GDP dissociation.
Helix aH of Sos presents two residues, Leu938 and Glu942, that interfere with Mg 2+ and phosphate binding, respectively. Leu938 is inserted into the Mg 2+ binding site, and Glu942 forms a hydrogen bond with Ser17 of Ras thereby displacing the a-phosphate of GDP. To determine the contribution of these interactions to the guanine nucleotide exchange reaction, Leu938 and Glu942
were both replaced by alanines. As shown in figure 3D , these mutations interfered only slightly with the exchange and binding activities of Sos towards either wild-type Ras or the A59G mutant. These results suggest that the destabilization of Mg 2+ and phosphate coordination resulting from the molecular contacts between Sos and the switch 2 region of Ras is not critical for Sos-catalyzed GDP dissociation.
The role of switch 1 in guanine nucleotide exchange
The most pronounced structural change in Ras following the binding of Sos is the displacement of switch 1 from the nucleotide binding site. Consistent with this interpretation, alanine substitutions of Sos Lys939 and His911 also resulted in a decrease in Ras-Sos binding (Fig 4B) . In addition, the Y32S and Y40A Ras mutations accelerated the rate of intrinsic GDP/GTP exchange by factors of two and four, respectively, indicating that the contacts mediated by these residues contribute to nucleotide stabilization (Fig 4C) . The Y40A mutation had no significant effect on Sos-catalyzed guanine nucleotide exchange (Fig. 4D ) whereas the disruption of the contact between Tyr32 of Ras and Lys939 of Sos reduced the sensitivity of Ras to the exchange activity of Sos (Fig. 4E&F ). This effect persisted even when the concentration of Sos in the reaction was increased ten-fold (Fig. 4E&F) indicating that the defect in Sos-mediated guanine nucleotide exchange displayed by these mutants cannot be attributed soley to a reduction of binding affinity. In an attempt to examine whether switch 1 and switch 2 mutations have an additive effect on Sos-catalyzed exchange, we have generated a Ras G59A,Y40A double mutant.
This mutant displayed a severe defect in Sos binding and thus could not be utilized for further analysis.
The importance of the N-domain for the catalytic activity of Sos The crystal structure of the Ras-Sos complex identifies two structural domains within the exchange factor region of Sos: an amino-terminal domain (N-domain; residues 568-741) that does not have direct contacts with Ras, and a C-terminal domain containing all the residues that interact with Ras. The N-domain consists of six a helices two of which, helices a1 and a2, form a hydrophobic groove containing residues Lue609 and Phe623, into which two conserved hydrophobic residues from the helical hairpin, Ile956
and Phe958, are inserted (Fig. 5A ). These hydrophobic interactions would be predicted to be important for the stability and correct orientation of the helical hairpin structure. To investigate the significance of the interaction between the N-domain and the helical hairpin structure for the catalytic activity of Sos, Ile956 of the helical hairpin and Phe623 of the N-domain were individually mutated to Glu (I956E and F623E, respectively). As shown in Fig. 5 B&C, the I956E Sos mutant was slightly defective in Ras binding but displayed a pronounced decrease in exchange activity. The F623E Sos mutant showed no apparent defect in Ras binding (Fig. 5B) but it did display a decrease in exchange activity (Fig. 5D ). These results indicate that the N-domain plays a role in maintaining Sos in a catalytically active conformation.
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Discussion
In the present study we have investigated the interaction of Ras with its GEF Sos using structure-guided mutagenesis. In agreement with earlier predictions, the three dimensional structure of the Ras-Sos complex identifies the switch 2 region of Ras as a potential binding site for Sos (33) .
The binding interface between switch 2 and Sos consists of both hydrophobic and polar intermolecular contacts. Individual replacement of contact residues with alanine showed that the binding affinity is mediated principally by Tyr64 of Ras which is inserted into a hydrophobic pocket of Sos formed by residues Phe929, Leu872 and Ile825. Residue Phe929 is highly conserved among
GEFs for members of the Ras family, and in a recent study it has been shown that Phe64 of Rap1A is important for its interaction with the C3G exchange factor (34) . In addition, the structure of
Rac1 in complex with Tiam1 shows that Tyr64 of Rac is burried into a hydrophobic pocket formed by Tiam1 (35) . This suggests that the binding reaction between Ras-related proteins and their GEFs might be governed by similar affinity determinants. The hydrophobic contact region between Ras and Sos is surrounded by polar and charged residues (Glu1002, Arg826, Thr935) whose mutation to alanine had little effect on binding affinity or guanine nucleotide exchange activity. Thus, rather then contributing directly to binding energy, these polar contacts might be important for the specificity and/or reversibility of the binding interaction between Ras and Sos. A mutation of the residue analogous to Arg826 of Sos in the yeast Ras-specific GEF CDC25 has been reported to interfere with its binding to Ras (28), and a mutation of the residue analogous to Sos Thr935 in the mammalian Ras-specific GEF CDC25 Mm has been reported to abolish catalytic activity (36) . The discrepancy between these findings and our observations might be due to differences in protein coordination by these residues is not critical for Sos-mediated exchange reaction. The fact that Glu942 is not highly conserved among different Ras GEFs is consistent with this interpretation.
That the mechanism of GEF-mediated nucleotide release from Ras is independent, at least in part, proposed that the binding interaction of the GEF with Ras consists of two distinct steps: a fast association reaction involving the formation of a ternary complex of a tightly bound nucleotide, Ras and CDC25 mM followed by a conformational transition to a ternary complex in which the nucleotide is loosely bound (19) . The formation of a complex between Sos and Mg
2+
-free Ras, if it occurs, might be equivalent to the first step identified in the kinetics studies. While the structural features of this complex would not permit Mg 2+ binding they would not be sufficient to induce a decrease in 16 nucleotide affinity, and a second step involving Sos-mediated conformational changes that destabilize the nucleotide would be required to promote nucleotide dissociation. A detailed kinetic analysis of the Sos exchange mechanism would be required to dissect these reaction steps.
In addition to Ras-Sos, there are two other structures of a GEF bound to a small GTPase that have been described recently: Sec7 domain bound to nucleotide-free Arf1 and Tiam1 bound to nucleotide-free Rac1 (35, 45) . The overall structural features of the Ras-Sos, Arf1-Sec7 and Rac1- position displayed over a 1000-fold reduction in exchange factor activity (46, 47) . In contrast, mutation of a glutamate residue in Sos, Glu942, which appears to be structurally equivalent to Glu97 of Sec7, had no effect on the ability of Sos to catalyze guanine nucleotide exchange activity. The structural changes in switch 2 of Rac induced by the binding of Tiam1 lead to the repositioning of Ala59 towards the Mg 2+ binding site. This rearrangement is supported by Lys1,195 of Tiam1, and substitution of this lysine residue to alanine has been shown to impede the guanine nucleotide exchange activity of Tiam1 (35) . In the Ras-Sos complex, Ala59 of Ras undergoes a nearly identical conformational change which is supported by Thr935, but substitution of either Ala59 to Gly or Thr935 to Ala had no effect on nucleotide exchange. Thus, although the structural transitions that accompany the binding of different GEFs to their cognate GTPase might share common features, 17 the molecular details of the reaction mechanisms are likely to be specific for each GEF. by guest on November 17, 2017 
Figure Legends
